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INTRODUCTION

Recentdevelopmentsinhigh-speedaircraftnecessitateanappraisal
oftheicingproblemforlow-dragairfoils,andparticularlyforthinair-
foils. A studyoftheimpingementof clouddroplets,similartothatpre-
sentedinreference1 fora 12-andan 8-percent-thicklow-dragairfoil,
ispresentedhereinfora 4-percent-thicka&foil. Theresultstiscussed
inthereferencecitedapplytoNACA651-212and651-208airfoils.The
datapresentedinreference1 andthepresentstudypermitthedetermina-
tionoftheamountofwaterin dropletformimpingingontheairfoils,the
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Thetrajectoriesof dropletsintheairflowingpastanNACA65AO04
airfoilatanangleofattackof4°weredetermined.Theamountofwater
indropletformimpin@ngontheairfoil,theareaofdropletimpingement,
andtherateofdroplethpingementperunitareaontheairfoilsurface
werecalculatedfromthetrajectoriesandpresentedto covera largerange
offlightandatmosphericconditions.

Theeffectof a changeinairfoilthicknessfrom12to 4 percentat
4° angleofattackispresentedbycomparingtheimpingementcalculations
fortheNACA65AO04airfoilwiththoseforthellACA651-208and651-212
airfoils. Therearwardlimitofimpingementontheuppersurfacedecreases
astheairfoilthichessdecreases.Therearwardlimitofimpingementon
thelowersurfaceincreaseswitha decreasein airfoilthicbess.The
totalwaterintercepteddecreasesastheairfoilthicknessisdecreased.

extentof impingementontheairfoilsurface,andtherateofwaterim-
pingementperunitareaoftheairfoilsurface.Thecalculationsapply
an angleofattackof4°.
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2 NACATN 3047

TheNACA65-seriesairfoilsectionswerechosenforicinganalysis,
becausethesesectionsareparticularlyadaptableto &planes having
highlevel-flightspeeds.Theairfoilsforwhichimpingementdataare
presentedinreference1 areadaptableto high-speedsubsonictransport
andcargoairplanes.Although- angleofattackof4°maybe somewhat
great=thanrequiredformostcruisingconditions,itis representative
forsnaircraftwiththoseairfoilsoperatingunderconditionsgivinga
relativelylargeareaofdropletimpingementontheairfoil.The4-
percent-thickairfoil,forwhichhpingementdataarepresentedherein,
isadaptableto high-speedsubsonic,transonic,sadlow-supersonicair-
planes,particularlyfighter-typeaircraft.An angleof attackof4° is
~eaterthantheusualcruiseattitudeforpursuitorfighter-typeair-
planesj however,thisvalueisnotan extrememaximwnforhovering,land-
ing,andsometypesofflightplans.Thechoiceof4° fortheangleof
attackpermitsan @ension ofpreviousstudiesoneffectoftbiclmess
ratioondropletimpingementto a 4-percent-thickairfoilsection.In
general,thisextensionisusefuleventhoughtheshapeofthemeanline
oftheNACA65AO04airfoilis slightlydifferentfromthatoftheother
twoairfoils,becausechangesintheimpingementcharacteristicsdueto
differencesinairfoilshapeassociatedwithdifferencesinthemeanline
usuallyarelessthanimpingementchangescausedby a changeinthickness
ratio.Theseeffectsarediscussedastheimpingementdatasrepresented.
Theanalysisof dropletimpingementontheNACA65AO04airfoilwasmade
attheNACALewislaboratory.Theresultsareapplicableunderthefollow-
ingconditions:chordlengthsfrom2 to 20feetjaltitudes
35,000feetjairplsnespeedsfrom150milesperhourtothe
Mach-erj anddropletdiametersfrom5 to 100microns.
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SYMBOLS

Thefollowingsymbolsareusedinthisreport:

dropletdiameter,microns(micron= 3.28x10-6ft)

inertiaparsmeter,1.704x10-12 d%—, Unensionless
G

sirfoilchordlength,ft

free-streamReynoldsnuuiberwithrespectto droplet,4.

from1000to
flightcritical

813X1O-6
d@J
—j dimensionless
w

distanceon surfaceofairfoilmeasuredfrompointof intersectionof
geometricchordlinewithairfoilleadingedge,ratioto chord
length
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u

u

w

Wp

w

x)Y

~1

Y’

P

P

P

airfoilthickness,ratioto chordlength

flightspeed,mph

localairvelocity,ratio

rateofwaterimpingement

to free-streamvelocity

perunitspanofairfoil,ill/ (hr)(ft span)

localrateofwaterimpingement,lb/(hr)(sqft)

liquid-watercontentin cloud,g/cum

rectangularcoordinates,ratioto chordlength

distanceparallelto geometricchordlinemeasuredfromleading-
edgechordpoint,ratioto chord

distancemeasured

localimpingement

viscosityofair,

density,slugs/cu

perpendicularto

W()
efficiency,~,

slugs/(ft)(sec)

ft

length

x’,ratioto chordlength

dimensionless

Subscripts:

a air

-L lowerairfoilsurface

m total

s airfoilsurface

u upperairfoil

o freewbream

surface

IMPINGEWZNTOFDROPLETSOI?NACA65AO04AIRFOIL

Inorderto obtaintheextentof impingementandtherateofdroplet
impingementperunitareaontheairfoil,theclouddroplettrajectories
withrespecttotheairfoilweredetermined.Themethodforcalculating

-—.——.—— —.—— ——_ —— -—-————



4 NACATN 3047

thedroplettrajectoriesis describedinreference1. A solutionofthe
differentialequationsthatdescribethedropletmotionwasdbtalnedwith
theuseofthemechanicalanalog(describedinref.2)basedontheprin-
cipleofa differentialanalyzer.Theair-flowfieldaroundtheairfoil
wasobtainedby thevortexsubstitutionmethoddescribedinreference1,
withtheexceptionthatforthelNACA65AO04airfoilthevelocitiesatthe
surfaceoftheairfoilasgiveninreference1 werecalculatedlythe
methoddescribedinreference3jwhereasthesurfacevelocitiesonthe
651-212and651-208airfoilswereobtainedfromwind-tunnelmeasurements E
ofthepressurecoefficients.Thevaluesofthesurfacevelocitiesfor m
the65AO04airfoilwerefurnishedtotheLewislaboratorybytheDouglaE

a

AircraftCorporation(seefig.1). Althoughthedroplettrajectories
werecalculatedforan incompressibleflowfield,thexesultsofthecal-
culationscanbe appliedupto theflightcriticsJ.Machnumber(ref.4).

Thegeometricchordlineoftheairfoilis orientedatsnangleof
4°withthex-sxisoftherectangularcoordinatesystem,andtheleadlng
edgeisplacedattheoriginofthecoordinates,as showninfigure2.
Theairfoilorientationpresentedinreference1 isretainedherein.At
aninfinitedistanceaheadoftheairfoil,theuniformairflowcarrying
theclouddropletsisassumedtobe approachingtheairfoilfromthe
negativex-directionandparallelto theX-SXLS.Alldistancesare
tiensionless,becausetheyme ratiosoftherespectiveactualdistances
totheairfoilchordlengthL.

.

RateofWaterInterception

Therateoftotalinterinterception,in~oundsperhourperfootof
wingspan,is determinedby thetangentdroplettrajectories(fig.2),hy
thespeedoftheaircraft,andbytheliquid-watercontentinthecloud.
Theflightspeedandsizeoftheairfoil,aswellasthedropletsizein
thecloud,sretheprincipalvariablesthataffectthespacingbetweenthe
twotangenttrajectories.Theamountofwaterthatstrikestheairfoil
isproportionaltothespacingYo,u- Y0,2Jandtherateoftotalwater
interceptionperunitspanoftheairfoilonthatportionoftheairfoil
surfaceboundedby theupper
culatedfromtherelation

Wm =

andlower

0.=(%

tangenttrajectoriescanbe cal-

- Yo,@Jw (1)

Thevaluesof yo,u - yo,z aregiveninfigure3 intermsoftherecip-
.

rocaloftheinertiapsrameterandthefree-streamReynoldsnumber.The
inertiaparameterK isa measureofthedropletsize,theflightspeed
smdsizeoftheairfoil,andtheviscosityoftheair,throughtherela-
tion .
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d2U
K = 1.704X10-12~

5

(2)

Thefree-streamReynoldsnumberis definedwith
sizeas

dpaU
Reo= 4.813X10-6—

M

A graphicalprocedurefordeterminingvaluesof
etersK and Reo intermsofairplanespeed,

respecttothedroplet

(3)

thedimensionlessparam-
chordlength,altitude,

anddropletsizeispresentedinappendixB ofreference1.

Thevariationofrateofwatertiterceptionwithairfoilspeedis
swmnsrizedforan altitudeof 20,000feetinfigure4, inwhichtheordi-
nate ~w isthetotalrateofwaterimpingementperfootspanofsd.r-
foilperunitliquid-watercontent(g/cu~m)inthecloud.Severalchord
lengthsrsmgingin valuefrom2 to 20feetwereconsidered.Thevalues
infigure4 areforf~ghtthrougha uniformcloudcomposedof droplets
15,20,33,and40micronsindiameter.Thevaluesof Wm infigure4
arebasedonthemostprobableicingtemperatureasa functionofaltitude
presentedinfigure15ofreference1. (Themostprobableicingtempera-
turewasobtainedfroma~roximatelyXIOicingobservationsinflights.)
As showninreference1,a changeinaltitudeof10,000feetwillchange
therateofwaterimpingementby approximately7 percent.Thedroplet
sizeandtheliquid-watercontentof cloudsareseldomknownwithsuffi-
cientaccuracy(ref.2)topermittherateofwaterimpingementtobe
calculatedwithin10percent;therefore,withinpracticallimitsofappli-
cation,theresultsof.figure4 canbe usedovera widerangeofaltitudes
(approx.&L0,000ft,seeref.1).

Theeffectofwingtapercanalsobe obtainedfromfigure4,provided
thatforeachsectionof spanconsideredthetaperis smallenoughthat
two-dhensionalflowoverthesectionisapproximated,as ismentionedin
reference1.

ExtentofImpingement

TheLimitofimpingementisdeterminedby thepointoftangencyon
the-foil surfaceofthetwotangenttrajectories.Therearwardlimits
ofimpingementontheuppersurfaceareshowninfigure5(a),andonthe
lowersurfaceinfigure5(b).Thedistances~ and S2 aremeasured
ontheairfoilsurfacefromthepointof intersectionofthegeometric
chordMne withtheleadingedge(fig.2)intermsofthechordlength.

——-z.
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Thelimitsofimpingementaregiveninfigure5 intermsofthereciprocal
oftheinertiaparameterad thefree-streamReynoldsmmiberjwhereas,in
figures6 and7,thelimitsaresummarizedforthesamespeeds,chord
lengths,dropletsizes,andaltitidegiveninfigure4. Thelimitson
theuppersurfacearegiveninfigure6,andonthelowersurfaceinfig-
ure7. Foranygivencotiinatibnofairfoilanddropletsizeandflight
speed,theextentofimpingementontheuppersurfaceismnchlessthan
onthelowersurface.

ImpingementDistributiononSurface

Trajectorystartingordinateasfunctionofpointof impact.- The
mannerinwhichwaterisdistributedonthesurfaceofan airfoilcanbe
obtainedifthestartingpointofa droplettrajectoryisknownwith
respectto thepointofimpingementonthesurface.Thestartingordinate
Yo at infinityofanyimpingingtrajectory,includingtheupperandlower
tangenttrajectories(fig.1),canbe foundinfigure8 withrespectto
thepointofimpingementonthesurface.Thevaluesforthestsrtingand
endingpositionsofthetrajectoriesareshowninfigure8 forthreevalues
offree-streamReynoldsnumber.Foreachvalueof Reo,curvesforseveral
valuesof l/K aregiven.

Thesmountofwaterimpingingbetweenanytwogivenpointsonthe
airfoilsurfacemaybe foundbyapplyingtheresultsof figure8 inthe
relation

For
and

W = 0.3SJWL(Y0,1- Y0,2) (4)

example,theamountofwaterimpingingbetweenthe-0.05chordpoint
the-0.10chordpointonthesurfaceofa 12.5-foot-chordairfoil

travelingat400milesperhouratan altitudeof 10,000feetthrougha
cloudcomposedofdroplets25micronsindiameter(1/K= 10,ReOs 256)
canbe foundfromequation(4)iftheM.@d-watercontentinthecloud
isknown.Thevaluesof yo,l and y0,2 requiredinequation(4)are
-0.071and-0.075,respectively.

The
curvein
@ Yo z
(airfo$l

valuesof YO,u- y0,2 obtainedfromtheendpointsofeach
fignre8 arethesameasthevaluesgiveninfigure3. Thevalue
for l/K= O (notshowninfig.8)is -0.070at S2 = 1.00229
trailingedge)forallvaluesof R%.

.
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Localimpingementefficiency.-
perunit~ea of airfoilsurfacecan

7

Thelocalrateof dropletimpingement
be determinedfromtheexpression

dyoVP .o.33uw~= o.33ui@ .(5)

whichisrelatedto equation(4),withproperconsiderationforthefact
that y. and S arebasedonthewingchordL. Thevaluesofthelocal
impingementefficiency~ asa functionoftheairfoildistanceS are
giveninfigure9. Thesevalueswereobtainedfromtheslopesofthe
curvesinfigure8.

Foralltheconditionspresentedinfigue 9,themaximumrateof
localimpingementoccursbetweenIS= -0.01and S = O. Becauseofthe
geometryoftheairfoilandthemannerinwhichthedropletsapproachthe
airfoilsintheneighborhoodofthestagnationpoint,thecurvesinfig-
ure8 arenotwelldefinedbetweenS = -0.01and S = O. Sincethe
valuesof ~ areobtainedfromtheslopesofthecurvesinfigure8,the
msximumvaluesof 13infigure9 alsoaresubjectto somequestion.The
possibleerrorinthemaximumvalueof 13isestimatedtobe +25percent.
AswasMscussedinreference1,thispossibleerrorisnotconsidered
veryserious,becauseonlya smallportionofthetotalwaterimpinging
ontheairfoilrequiresredistributionifthemaximumvalueof ~ is
variedby asmuchasthemaximumpossibleerror.

Theuncertaintiesin.thevaluesof P giveninfigure9 forthe
thin,shsrp-nosedNACA65AO04atifoilaremuchgreaterthantheuncer-
taintiesinthe ~ valuesgiveninreference2 fora cylinder,which
isa blunt-nosedobject.Thevaluesof j3giveninfigure9 arevery
sensitivetotheshapeofthecurvesinfigure8. Becauseofthegeometry
ofthesharp-nosedNACA65AO04airfoilandthemannerinwhichthetra-
jectoriesapproachtheairfoilsurface,smallerrorsinthecalculated
trajectorieswillresultin considerableerrorintheslopesofthecurves
of figure8. Therandomerrorsresultingfromtheerrorsin calculating
thetrajectorieswereprobablyreducedconsiderablyinthe P curvesof
figure9 by fairingthecurvesasa consistentfamilyof curves.The
possibleerrorinthevaluesof P forsurfacepositionsotherthannear
thestagnationpointis estimatedtobe somewhatlessthan+2-0percent.
Sincethetotalwaterimpingingis directlyrelatedto

Yo,u-Yo,z=Fpas
-s2

—— --...–—.——— -- —— .—— ——-.
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thetotalsreaunderthecurvesinfigure9 isdeterminedby thecurves
offigure3. Ifthereqpimmentis imposedthatthetotalareaunderthe
f3curvesoffigure9 Cannot%ealtered,anyjudiciousrefairingofthe
~ curvesto accountforuncertaintiesinthecurvesof figure8 willre-
distributeonlya smallamountofthetotalwater.

EFFECTOFAIRFOILTHIC!KNESSRATIOON I14PIN@3113NTOFDROF’IXTS

Thecomparisonof imptiementonanNACA651-212airfoilwiththat
onanIIACA651-208airfoil.presentedinreference1 isextendedhereinto
includetheNACA65AO04airfoil.Thethreeairfoilsareillustratedin
figure10,endthesurfacecoordinatepointsarepresentedintableI.
Thecomparisoninthisreportemphasizestheeffectofthiclmessratioon
dropletimpingement.Allthreetifoilshavesul&antiallythesamebasic
thicknessformandallhavethepositionofminimumpressureatthe50-
percent-chordpoint.TheprincipaldifferenceisthattheNACA65AO04
sdrfoilis a symmetrical&foil forwhichthesectionhassubstantially
straightlinesforboththeupperandlowersurfacesfromabout0.8chord
tothetrailingedge; whereastheNACA651-212and651-208airfoilsare
bothslightlycsmberedfora designliftcoefficientof 0.2andhave
pointsof slightinflectionontheupperandlowersurfacesnearthetrail-
ingedge.

Althougha changein csmberofan airfoilwillresultina different
air-flowfieldaheadoftheairfoil,thesmalldifferenceinmeancaniber
lineamongthethreeairfoilsbeingcomparedhereinis consideredtohave
onlya slighteffectonthedroplettrajectorieswithintherangeof
meteorologicalandfMght conditionsofusualinterest.Thisconsidera-
tionisbasedonthedatapresentedinreference5 ontwo15-percent-thick
Joukowski@foils at zeroangleofattack,butwithdifferencesincamber.
OneoftheJcn&owskitifoilsis symmetrical,whereastheotheris cam-
beredwitha meancamberline a = 1 (seeref.6 forlistingof coordinate
pointsformeancamberlines).ForbothJoukowskiairfoilsthetotalwater
impingingissubstantiallythesameunderallmeteorologicalandflight
conditions.Althoughsomedifferenceexistsintheextentofimpingement
betweenthecsniberedanduncamberedairfoils,thedifferencessrelargest
whenthecomparisonismadeforcombinationsoflargedropletsandhigh
speedthanforconibinationsof smalldropletsandlowspeed.Thiscom-
parisonindicatesthatcamberdoesnotchangetheflowfieldaheadofthe
airfoilenoughto influencetheshapeofthetra~ectoriesof smalldroplets
atlowspeeds,whichareassociatedwithsmallvaluesof K andmore
nearlyfollowtheairstreamlinesthanthoseassociatedwithlargevalues
of K. Thelargerdifferencesfoundinthecomparisonatthelargevalues
of K sredueto differencesinthephysicalshapeofthetwoairfoils
associatedwiththedifferencesinthemeancamberlines.

.
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Themannerinwhichtheairfoilshapeaffectstheetientof tipinge-
mentisdiscussedfurtherinthesubsequentsectionswheretheimpingement
characteristicsoftheNACA651-212,651-208,and65AO04airfoilsarecom-
pared.Mostofthedifferencesinimpingementcharacteristicsamongthe
threeairfoilsarecausedbydifferencesinthicknessratio,becausethe
thicknessratioisa principalvariabledefiningthegeometryoftheair-
foilanditsattendantairvelocityfield.

13asisofComp=ison

Theeffectofairfoilthiclmessratioondropletimpingementis
illustratedwithexamplesinvolvingthreeairplanesusingthethreeair-
foilsbeingconsidered.Thephysicalconditionsestablishedpemitthe
comparisonofdropletimpingementonthethreeairfoilsof equalchord
lengthonthethreeairplanesflyingtogetheratthesamespeedandalti-
tude.~Theseconditionsareestablishedata constantspeedof400miles
perhour,a chordlengthof 12.5feet,andanaltitudeof 10,000feet
(mostprobableicingtemperature,ref.1). Theimpingementonthethree
airfoilsis comparedateachofthreewidelyseparatedvaluesof l/K:
1,10,and100. Foreachvalueof l/K theclouddropletsizeandfree-
streamReynoldsnuniberared3.fferent,as showninthefollowingtabula-
tion:

Reciprocal
ofinertia
parameter,

l/K

1

10

Droplet
Mameter,

d,
microns

80

25

Wee-stream
Reynolds
nuniber,

Reo

793

100 I 8 I 79

Thevalueoffree-streamReynoldsnumbertabulatedisthevalueobtained
fromequation(3)forthephysicalconditionsestablishedforthiscom-
parison.

ExtentofImpingement

Uppersurface.- TherearwardMt ofimpingementontheuppersur-
facedecreasesasthethicknessratiois decreased,as showninfigureIl.
Thelimitofimpingementshouldcontinueto decreaseforthicknessesless

——..——. -— ———. .—
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than0.04chord,becausefora thinplateat4° angleof attacktheex-
tentof impingementontheuppersurfaceis zero.Therearwardchangeof
limitofimpingementontheuppersurfaceshowninfigure11 isallcaused
by thechangein airfoilgeometryassociatedwithdecreaseinthickness
ratioandisnotdueto a changeinmean13neamongtheairfoils,because
impingementontheuppersurfaceis confinedtothevicinityofthelead-
ingedgewheretheairfoilshapeisdeterminedlytheleading-edgeradius
(tableI).

Lowersurface.- Forverysmallvaluesof l/K (l/K<1)theextent a
of impingementismainlyinfluencedby theshapeoftheairfoillowersur-

m

face.
E

Smallvaluesof l/K areassociatedwithdropletswithlarge
momentum,thatis,largein sizeandmovingwithhighspeed.Themomentum
ofthesedropletsis solargethatthetrajectoriesarenesrlystraight
13nesandarenotinfluencedappreciablybytheair-flowfieldaroundthe
airfoil.Forthisreason,thetangencyofthesetrajectoriesisgreatly
influencedbythephysicalshapeandangleofattackoftheairfoil.The
lower-surfaceshapeoftheNACA651-212and651-208airfoilsis suchthat
at4° angleofattacktheextentofimpingementislimitedto S = -0.536
chordand-0.654chord,respectively,fortheextremecaseof l/K= O.
Againfor l/K= O and4° angleofattack,theimpingementextendsto
thetrailingedgefortheNACA65AO04airfoil.

Thephysicalshapeoftheairfoilisalsoa predominatefactorin
determiningtherearwardlimitofimpingementformoderatelylargedrops
andmoderatelyhighmomentumassociatedwithvaluesof l/Ksl. The
trajectoriesfor l/Kz 1 oftenapproachthetangencypointverygradu-
ally,as showninfigure12. Thisverygradualapproachofthelower
tangenttrajectoryis especiallytrueforthe4-percent-thickairfoil~
and,becauseofit,thevaluesof SZ areinfluencedappreciablyby the
shapeofthelowersurfaceandarealsosubjecttopersonalinterpretation
astothelocationofthetangencypoint.Althoughanychangeinairfoil
designthatalterstheshapeofthelowersurfacewillchangethelimit
of impingementfor l/Ks 1,thelimitis showninfigure13 as a function
ofthicknessratiobecausethethiclmessratioisconsideredtheprincipal
vsria%ledefiningthegeometryoftheairfoils.Forthesizedropsassoci-
atedwithvaluesof l/Ks 1,theLimitof impingementonthelowersur-
faceisprobablynotinfluencedappreciablyby thedifferencesintheair-
flowfieldthatresultfromdifferencesinthemeancamberlineorthe
thicknessratiosamongthethreeairfoils.

Therearwardlimitsof impingementfor l/K= 10 and100arealso
showninfigure13. Forlsrgevaluesof l/K(l/K=100) theimpingement
is confinedtotheregionneartheleadingedge,wheretheshapeofthe
airfoilis definedbytheleading-edgeradius(tableI),whichis closely
relatedtothethicknessratio.
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At an angleofattackof4°andzerothicknessratio,thelimitof
impingementapproachesthetrailingedge,as indicatedby theextrapola-
tioninfigure13. Forsmallvaluesof l/K (l/K-O),theimpingement
isdistributednearlyevenlyoverthebottomsurfaceoftheflatplate;
however,forvaluesof l/K= 100 thelocalratesof impingementwiLl
be verysmallexceptintheneighborhoodofthestagnationline.The
localratesof impingementwillbe discussedina subsequentsection.

A muchsharper13mitofimpingementcanbe anticipatedforthickand
blunt-nosedairfoilsflyingthroughnonuniformcloudscontaininglarge
dropletsthanforthinairfoils.Onthinairfoils,-thelargerdroplets
inthecloudwillprobablyskimalongverynearthelowersurfaceuntil
theyarestoppedbysmall-scaleperturbationscausedbyair-flowandsur-
faceirregularities.Thisskimmingmayresultin lighticeformations
fsrtherback

Rateof

thanindicated

Rate

totalwater.-
totalwaterinterceptionis

_bythelimitsgiveninfigures5,7,and13.

ofWaterInterception

Theeffectofthiclmessratioontherateof
summarizedinfigure14. At 4° angleof

attacktherateofwaterintercepteddecreasesasthethiclmessratiois
decreasedforallflightandatmosphericconditions.Theshapeofthe
curveschangesslightlyastheconfinementofimpingementmovestoward
thenoseoftheairfoil(1/K+100).

r

Althoughtherateoftotalwaterinterceptionisdeterminedbyboth
theupperandlowertangenttrajectories,theuncertaintiesin locating
thelower-surfacetangentpointdonotaffecttheaccuracywithwhichthe
valuesoftotalwaterareobtained.Thesldmmingofthedropletsalong
thetangenttrajectorynearthelowersurfacedoesnotintroduceappreci-
ableuncertaintiesinthedeterminationofthevaluesfor Y(),u- Yo,z)
fromwhichtherateoftotalwaterinterceptionisobtained(eq.(1)).
Also,differencesintheshapeofthemeanlineamongthethreeairfoils
havea negligibleinfluenceonthetotalwaterinterceptionas compared
tiththedifferenceinthicknessratio.

Localrateofdropletimpingement.- Theeffectofthicknessratio
onthelocalimpingementefficiency~ is showninfigure15. Thegeneral
effectofa decreaseinairfoilthicknessisto shiftthehpingementfrom
theuppersurfaceto thelowersurfaceandto spreadthewatermoreevenly
overthelowersurface.Also,aswasdiscussedintheprecedingsection,
therateoftotalwaterinterception

Wm

/

%
—=o.3mL(yo,u - Yo,z)=0.3=w pas

‘1
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decreasesastheairfoilthicknessisdecreased;therefore,thelocal
ratesforthe4-percent-thickairfoilaregenerallylowerthanforthe
twothickerairfoils.

SummarYof Compsxison

Thethreeairfoilswith12-,8-,and4-percentthicknesswerecom-
paredatthesameflightandatmosphericconditionsandatanangleof
attackof4°. Thelimitofrearwardimpingementontheuppersurface
decreasesforall.fldghtandatmosphericconditionsastheairfoilthick-
nessratioisdecreased.Therearward limitofimpingementonthelower
surfaceincreasesappreciablyforconditionsinvolvingvaluesof I/K< 1
(forexample,U ~ 400mph,d ~ 80microns,and L ~ 12.5f%)asthethick-
nessratiois decreased butfor l/K210 (ds25 microns),thelimit
increasesonlyslightlyasthetbiclrnessisdecreasedfrom12to4 per-
cent.At a positiveangleofattackof4°,therearwardlimitonthe
lowersurfacewillincreaserap~dlyforairfoilthicknesslessthan4
percent,becausetheimpingementextendstothetrailingedgeona flat
plateof zerothicknessratio.Thetotalwaterintercepted,however,
decreasesastheairfoilthicknessdecreasestherefore,ingeneral,a
decreaseinthicknessratiowillresultinlesstotalwaterbeingspread
overa largersxeaofthelowersurface.

CONCLUDINGREMARKs

Thedatapresentedhereinapplytiectlyto flightsin cloudscom-
posedofdropletsthatarealluniformin sizeandtononsweptwingsof
highaspectratio.A detailedprocedureforweightingtheimpingement
ofdropletsforf~ghtsinnonuniformcloudsispresentedinreference2.
A methodforextendingtheimpingementcalculationsfornonsweptwings
to sweptwingsispresentedinreference7. Thedatapresentedinthis
reportfortheNACA65AO04airfoilalsoapplytowingswithsometaper,
providedthatforeachsectionof spanconsideredthetaperis small
enoughtopermittheapproximationoftwo-dimensionalflowoverthesec-
tion.

As previouslystated,equationsandgraphicalprocedurefortrans-
latingthedimensionlessparametersusedinthisreportintotermsof
airplanespeed,chordlength,altitude,anddropletsizeewepresented
inappendixB ofreference1.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,September17,1953
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TABLEI. - AIRFOILCOORDINATEPOINTS

(a)65AO04Airfoil;leading-edgeradius,0.00102.

Symmetrical II Symmetrical

xl

o
.0CQ2:
.000s
.0010(
.0025
.0050
.0075
.0100
.o125
.0175
.0250
.0375
.0500
.0750
.1000
.1500
.2000
.25Q0
.30Q0

Y’

o
.0007
.00098
.00140
.0Q226
.00314
.00381
.00437
.00485
.00566
.00659
.00777
.00879
.01061
.Olins
.01464
.01655
.01798
.019’00

s x?

o 0.3500
.00080 .40Q0
.00118 .4500
.00183 .5000
.00356 .5500
.00621 .moo
.00880 .6500
.01136 .7000
.01391 .7500
.01898 .8000
.02654 .8500
.03910 .9000
.05164 .9500
.07671 .96U0
.10176 .9700
.15182 .9800
.20186 .9900
.251881.0000
.30189

Y’

0.01967
.0200C
.01998
.01957
.01875
.01754
.01597
.01410
.01200
.00972
.00735
.00494
.00250
.00200
.00150
.00100
.0CQ50

o

s

0.35189
.40189
.45189
.50189
.55190
.60191
.65193
.70197
.75201
.80206
.85212
.90218
.95224
.96225
.97226
.98227
.99228

1.00229

.

N

8
0-)
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TABLEI. - Continued.AIRFOILcoordinatePOINTS

(b)651-208Airfoil;leading-edgeradius,O.00434;slope
throughleadingedge,0.084.

Uppersurface

x’

o
.00447
.00691
.os184
.02426
.04918
.07415
●09915
.14919
.19927
.24937
.29949
.34961
●39974
.44987
.50000
.55012
.60022
.65029
.70034
.75037
.W036
.85031
.90023
.9501.2
1.00000

T

Y’

oi
.00675I
.00824
.01050
.01451
.02060
.02540
.02948
.03603
.04107
.04493
.04777
.04968
.05069
.05069
.04960
.04733
.04408
.04001
.03525
.02991
.02413
.01804
.O1.181
.00568

0

s

o
.00820
.01J06
.01648
.02953
.05518
.08061
.10594
.15641
.20674
.25699
.30719
.35735
.40749
.45762
.50776
.55793
.60814
.65838
.70866
.75897
.80929
.85961
.90992
.96018

1.01038

Lowersurface

x’

o
.00553
.00809
.01316
.02574
.05082
.07585
.10085
.15081
.20073
.25063
.30051
.35039
.40026
.45013
.50000
.54988
.59978
.64971
.69960
.74963
.79964
.84969
.89977
.94988
1.00000

Y’

o
.00575
.00684
.00S36
.01079
.01428
.01692
.01914
.02257
.02515
.02703
.02833
.02908
.02927
.02879
.02754
.02543
.02266
.01941
.01581
.01201
.00821
.00458
.00147
.00064

0

s

o
.00798
.01076
.01605
.02886
.05418
.07935
.10445
.15453
.20452
.25446
.30436
.3!5425
.40412
.45399
.50414
.55407
●MM05
.65409
.70417
.75428
.MM43
.85461
.90479
.95494

1.00506

—..——.— —-— ..__ —. ....—— .——. .——— -......—— .—— ..—. —
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TABLEI. - Concluded.AIRFOILCOORDINATEPOINTS

(c)651-212Airfoil;leading-edgeradius,O.O1OOOJslope
throughleadingedge,0.096.

Uppersurface

xi

o
.00423
.00664
.o1154
.02391
.04078
.07373
.09873
.14879
.19890
.24906
.29923
.34942
.39961
.44981
.50000
.55017
.60032
.65043
.70050
.75053
.@3052
.85Q45
.90033
.95017
1.00000

Y’

o
.00970
.01176
.01491
.02058
.02919
.03593
.04162
.05073
.05770
.06300
.06687
.06942
.07068
.07044
.06860
.06507
.06014
.05411
.04715
.03954
.03140
.02302
.01463
.00671

0

s

o
.O1OQ
.0135
.0180
.0325
.0580
.0840
.1095
.1610
.2120
.2620
.3125
.3630
.4X55
.4640
.5150
.5705
.6210
.6720
.7230
.7730
.8240
.8750
.9265
.9775

1.0275

tiwersurface

o 0
.00577 .00870
.00836 .01036
.01346 .01277
.02609 .01686
.05122 .02287
.07627 .02745
.10127 .03128
.15121 .03727
.201.10.04178
.25094 .04510
.30077 .04743
.35058 .04882
.40039 .04926
.45019 .04854
.50000 .04654
.54983 .04317
.59968 .03872
.64957 .03351
.69950 .02771
.74947 .02164
.79948 .01548
.84955 .00956
.89967 .00429
.94983 .om39
1.000000

s

o
.01
.014
.019
.0325
.0580
.083Q
.1090
.1600
.2090
.2590
.3090
.3590
.4090
.4605
.5110
.5610
.6115
.6625
.7125
.7640
.8135
.8640
.9140
.9650

1.0150

N
%
m



NACATN 3047 17

.

,

t9
Ml
E

.

2.0

1.8

~ 1.6

j \
a
P

a 1.4
[

i ,2

$

J
6
h

L 1.0
3

m’ / ~
~

/ ~
Lcuer surface

$ .8

,+
2 / ‘

$ .6 I
5

Ej

:
A
~ .4

.2

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0
Chordwise atati.m, ratio to ohord length

Figure 1. - Ve1001tle6 on mu.fme of 65AO04 airfoil. Angle of attaak, 4°; Inoompremible flow field.

—.— —— —.–——.———-



I
Y

+-” I

9S6Z



I

CI-33ack 2936

ReoiPIwoti of hmrti, ~b.r, UK

m 5. . mfr— b.twn - and lam tuM.Jnt tial..tmim at fro-. trmm OWKUtI’mf fee.8WJC4 airfoil. AW1O of abbok, 4°.



NACATN 3047

I I
Chord
length,
L,
ft

F 4

/

o
100 200 300 400 500 600

Flightspeed,mph

(a)Dropletsize,15microns.

Figure4. - Rateofwaterimpingementon 65AO04airfoil.Angle
ofattack,4°”altitude,20,000feet;mostprobableicingtem-
perature,-ll&F.
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Figure 6. - Limit of I@ngemant along UPP= mace Of 6-4 a~ofl.
Altitude, 20,000 feet; angle of attack, 4°; IEDatprobable icing tempera-
ture, -U” F.
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Figure 6. - Continued. Llmlt of impingementalongup er atiace of &5AW
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.



.

2936

I

Llmltofimpingement on lower alrf oil surfaoe, S ~, ratioto chordlen@h

b 23
0

L L
k L ill

.
* w ro m rom & % & i.

\
\

5
\

\

\ \

\ \

\ \

: \
\ }

\

\
\

\
\

U
o \
o

\ \

\ \

#-0 \
0 ~

x’i$-
.$a

g \

\

\

\

i



32 NACATN 3047

.76

I I i I I I I I 1 I I
.72

.68

.64

length,
.60 L,

ft //
/

.56 -2
1

.52

.48

.44

.40

.36

.32

.28

.24

.20

.16

.12

.08

.u+
o 100200 300 400 500 600

,-..

HIIIIIIN III-. .

1-1’:A-1-t-l

r “ , , .

/ A / v / ‘1
I II / ‘ 14/

100 200300 400 500 600

n)
UI
u
m

Flightspeed,mph

(c)Dropletsize,30 microns. (d)Dropletsize,40microns.

Figure7. - Concluded.Limitof Impingementalonglowersurfaceof 65AO04
airfoil. Altitude,20 000feet;angleof attack,4°;mostprobable
icingtempaature,-116F.



(!1-5 2936

I

I

I

.01

0

.01

.02

.03

.04

.05

.06

.07

.Q8

.09
-. 8 -, 7 -. 6 -.5 -. 4 -. s -.2 -. 1 0 .1

Dimtanoe on -foil aurfaoe, S, ratio to oh~d length

(a) Free-otream RqnoldB number, 16.

Fi@re 8. - lYE.ieOtT starting OIYllnate.YM funotlon of polr,t of Impingmant cm aurfaoe of 6SAC.34 tifoll.

I
I



9S62



i

I

, CI-5 baok 2936

.01

0

-.01

-.m

-.03

-.04

-.(M5

-.06

-.07

-.oe

-.m ~
-. -.4 -.3 -.2 -.1 0 .1

Distie m n.lrrollaurfam, 9, ratio to ohord lensth

(0) WSti+u Rqnolda muba, 1024,

-m 0. - tiolud.d. lla.ieotov8Mrt~ mdirmten m furmtim of point of imingamr.t m .vrrae. of 0- drroil.

/—.

/{
/

LN
m



1

.

.!4
B

1

Dlat.u.aem .Lrf.il mm-face, .9, mtio m .kd length

(a) Free-atmm Reynolds MUM., 10.

Pi@’s 9. - Lwti iw~t ●tfloi.nw or WA b9#n34 airfoil. A@. M attiok, 40.

9C6Z



2936

!

,

I
I

I

,

!
.

D.wtana. a-, ail-rollSurfm.> 8, rabio tn @Ad langwi
..

(b) ha..!- Reyn.lda mmbsr, fm.

WQ. ---wi.wi ~t efi’i.aimo,Of HM.4 a- Lii-fo$l. Al@e of ●btaok, 40.
CA
-1



9S6Z



2936

Y’

H&CA
all-roil

I — 861-212
---- 861-*

—- —65W
.1 —

-------- - —-------- -------- --------

.— -—-— -
—-— -—-—- —-

—-— -— -_ -
0

-< —-— -_ ,_. —
----- ____ ---- -— -- ---- —— -- ----

,1 I I I I I I I I I I I I I I I I I I I I
0 ,1 .2 .s .4 .5 .e .7 .8 .9 1.0

x,

Figm 10. - C-lsm of p-trio mhre of thma tifoila nmdiad



40 NACATN 3047

.001
0

I I I I Free-Otrea
Reynolds1 , 1

——— . Extrapolation number,
Reo /
79

Droplet
! diameter,, d,

microns

/

4 /

254/ ‘m
1, t’
/

/

II II /i- 1
.02 .04 .06 -08 , .10 .12

Alrfollthiclmess,t] ratioto chord.length

FigureU. - Limitof impingementon uppersurfaceas functionof airfoil
thiclmessratio. Flightspeed,U@ milesperhour;airfoilchord
length,12.5feet;altitude,10,000feet;angleof attack,4°.



,
2936 ‘

I

I

Recipmxal Droplet Frue-stmeam

of inertia dl~, Re~olda

ntmber ,

‘Yy’ “microns R%

1 .9) 79s
——— __ 10 25 254
—- — 100 8 79

—.
---------
—.— .--------:-. d------

(a) lWCA %-212 airfoil.

—----
-------------
—.— .—

(b) EACA 6E1-208 O.tirOfl.

—-—.

(c) HACA E5AO04 afioil.

Plgure 12. - Effect of tMakmeam ratio on llmlt of im@ngemnt.

ham; chord length, 12.5 fact; altituda, IJ3,CKK3feet; angle of

Flight speed,430mil.eeper
attack, do.



42 NACATN 3047

0

‘N 1 1
Reciprocal .—— — Extrapolation

\
\
\ of inertia I I t

% \ parameter, 1
\

\ l/K
I

\ Droplet
\ Free-strean-\ diameter,\ d, Reynolds

I ‘\ microns number,

\
Reo

\ \ 79’3
\ \
\ \

\
\ .

\
\
\

\
254

\ 257

\
\
\
\
\
.
\
\\

79

.02 .04 .06 .08 .10 .12
Airfoil thictiess, t, ratio to chord length

Figure13. - Limitofimpingementonlowersurfaceasfunctionofairfoil
thicknessratio.Flightspeed,400milesperhour;airfoilchord
length,12.5feet;altitude,10,000feet;angleofattack,4°.



Droplet
diameter,

d, -
microns

—
30—

8

Free-stream
Reynolds I
number,

Reo

79

.10 ●I2
Airfoilthictiess,t,ratioto chordlength

Figure14.- Rateofwaterimpingementas function
ofairfoilthicknessratio.Flightspeed,400
milesperhour;airfoilchordlength,12.5feet;
altitude,10,000feet;angleofattack,4°.

——— ..— —. . _—— .—— –—.—— .—-—. .-..——





I
I

2936

-. 1 0 .1

Olatdn.e m d-i-foilOurraoe, S, ratio to ohmd lcngt+

(b) Ilwiprmti .r hartia psramter, 10; &oplet dtibm, 25 em--j
free-.wmu Reynolds e, i%4.

(.) ~ol~ or lnarbla FalmDebar ml dropleb
idl-ter, 8 mimomj free-stmm kayn. CM

nu@Jw, ?9.

F’Is!uQ 15. - Cawludd, bad implnge8snt●ffloimq BE tifootaa by dlrfoil thiohms~.
ehcrd, 12..5r.wtl tit.ltids,10,m30 c#etI we or attiok, 4c’.

might Smea, 4m Edlea p mall.,airfoil

I


